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 Chapter 1 
 Prof. H. Kihara’s Genome Concept 
and Advancements in Wheat Cytogenetics 
in His School 
 Koichiro  Tsunewaki 
 Abstract  This article introduces Kihara’s main achievements in wheat cytogenetics 
and the succeeding developments in a few fi elds of wheat cytogenetics, which were 
founded by Kihara. Following the discovery of polyploidy in wheat by Sakamura 
(Bot Mag (Tokyo) 32:150–153, 1918), Kihara established the cytogenetics of inter-
ploid hybrids, clarifying the meiotic chromosome behavior as well as the chromo-
some number and genome constitution of their progeny, based on which Kihara 
formulated the concept of genome. Here, evidence supporting his recognition of the 
genome as a functional unit is presented. Kihara proposed the methodology for 
genome analysis and determined the genome constitution of all  Triticum and 
 Aegilops species. Ohta re-evaluated the genome relationships among the diploid 
species, using the B-chromosomes of  Ae. mutica . After completing the genome 
analyses, Kihara’s interest was shifted to the genome-plasmon interaction that led to 
the discovery of cytoplasmic male sterility in wheat. Using the nucleus substitution 
method elaborated by Kihara, we carried out plasmon analysis of  Triticum and 
 Aegilops species. We classifi ed their plasmons into 17 major types and 5 subtypes 
and determined the maternal and paternal lineages of all polyploid species. An allo-
plasmic line, ( caudata )-Tve, retained male sterility induction and germless grain 
production for 60 generations of backcrosses with wheat pollen. We are trying 
reconstruction of the  Ae. caudata plant from the genome of its native strain and the 
 caudata plasmon in the alloplasmic wheat. Two groups of Kihara’s school reported 
paternal transmission of the mtDNA sequences in alloplasmic wheats. Their fi nd-
ings are incompatible with the genetic autonomy of the plasmon, casting a new 
challenge to the genome-plasmon interaction. 
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4 Discovery of Polyploidy and Cytogenetics of Interploid 
Hybrids in Wheat 
 Sakamura ( 1918 ) who was a graduate student at the Faculty of Agriculture, 
Hokkaido University, studied both root-tip mitosis and meiosis in PMC’s of the fol-
lowing eight  Triticum species;  T. aestivum, T. compactum, T. spelta, T. turgidum, T. 
durum, T. polonicum, T. dicoccum , and  T. monococcum , fi nding 2n = 14 for  T. mono-
coccum , 2n = 28 for  T. turgidum, T. durum, T. polonicum and  T. dicoccum , and 
2n = 42 for  T. aestivum, T. compactum and  T. spelta . This result led him to discover 
a polyploid series of the diploid, tetraploid, and hexaploid in wheat, with the basic 
chromosome number of  x = 7. Sakamura planned a further study on chromosome 
numbers of the offspring of the hybrids between different ploidies. In 1917 he made 
crosses between 4 x and 6 x wheat in three combinations. At this point, Sakamura 
was informed from the Ministry of Education, Japan, to go abroad for advanced 
study. He asked Kihara who had just enrolled in the graduate school to succeed his 
wheat research and handed the 5 x hybrids to Kihara ( 1951 ). Because of some delay 
in departure, Sakamura was able to see Kihara’s fi rst slide of PMC’s of the 5 x 
hybrid, and gave a few minutes advice that determined Kihara’s later career as the 
wheat researcher. 
 Kihara ( 1924 ) analyzed the meiotic chromosome behavior of the three 5 x hybrids 
of Sakamura and two 3 x hybrids that he produced. The modal meiotic chromosome 
confi gurations of the 3 x and 5 x hybrids were 7” + 7’ and 14” + 7’, respectively 
(Kihara  1924 ,  1930 ), based on which he assigned genome formulae AA to the dip-
loid, AABB to the tetraploid, and AABBDD to the hexaploid wheat. Later Kihara 
obtained a new tetraploid wheat,  T. timopheevi , and analyzed the meiotic chromo-
some behaviors of its hybrids with one diploid and two tetraploid  Triticum species. 
From the results, he designated genome formula AAGG to this wheat (Lilienfeld 
and Kihara  1934 ). 
 Kihara’s Genome Concept and Supporting Evidence 
 Winkler ( 1920 ) proposed the term ‘genome’ for the haploid set of chromosomes. 
Due to the discovery of polyploidy, this defi nition required modifi cation, because 
their gametes contain two or more chromosome sets. Kihara and Lilienfeld ( 1932 ) 
and Kihara ( 1982 ) defi ned the genome concept as follows: (1) Homologous chro-
mosomes have homologous loci identical in sequence as well as in distance. 
Therefore, when two genomes are homologous, an exchange of homologous part-
ners causes no physiological damage to either the gametes or the zygotes. Non- 
homologous chromosomes have different loci or the same loci different in sequence 
or in distance. As a consequence, the homologous chromosomes can synapse in the 
meiotic prophase, forming bivalents in the metaphase I (MI) by exchanging their 
homologous parts. On the contrary, non-homologous chromosomes fail to pair, 
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5becoming univalents in MI. (2) Genome has no homologous chromosomes within 
it. Consequently, a zygote having two homologous genomes forms  x pairs of biva-
lents with no univalents, whereas that with two non-homologous genomes forms 2 x 
univalents with no bivalents in meiosis. The homologous vs. non-homologous rela-
tionship between two genomes can be determined by the number of bivalents 
formed in meiosis. (3) Genome is a functional unit of life. The deletion of a chromo-
some or a part of it from a genome causes the loss of life or, at least, a signifi cant 
loss of functions of the gamete and zygote. In essence, Kihara was fi rst to defi ne the 
homology of chromosomes by their meiotic behavior, based on which he defi ned 
genome homology, and proposed its functional role in life. 
 Supportive evidence of the functional role of genome in gametic and zygotic 
development was obtained from the fertility of gametes and the viability of proge-
nies of the 5 x hybrids, respectively. Fertility of the female and male gametes of the 
5 x hybrids was studied by Kihara and Wakakuwa ( 1935 ) and Matsumura ( 1936 , 
 1940 ). The transmission rate of a D-genome chromosome was 0.440 when the 5 x 
hybrid was backcrossed as female to the 4 x parent, and 0.673 when the 5 x hybrid 
was backcrossed as pollen parent to the 4 x wheat. Based on these univalent trans-
mission rates, the fertility rates of female and male gametes having zero to seven 
D-genome chromosomes of the 5 x hybrid when backcrossed as female or male par-
ent to the 4 x wheat were estimated, and compared to the observed frequencies. The 
female gametes of the 5 x hybrid having no D-genome chromosomes or the com-
plete set of D genome chromosomes took part in fertilization in 3.8 or 5.6 times 
higher frequencies than the expected ones, whereas those with one to fi ve D genome 
chromosomes showed fertility rates nearly equal to or lower than the expected fre-
quencies (Fig.  1.1a ). Similarly, the male gametes of the 5 x hybrid having no D 
genome chromosomes or the complete set of D genome chromosomes took part in 
fertilization in 391 or 5.7 times higher frequencies, respectively, than expected, 
whereas those with two to six D genome chromosomes showed fertility rates nearly 
equal to or lower than the expected frequencies (Fig.  1.1b ). These results showed 
that complete missing or presence of the complete D genome guaranteed both sexes 
of the gametes for high ability of fertilization. The effect of the genome complete-
ness on the viability of sporophytes was traced for four generations of self- 
pollination of the 5 x hybrid (Kihara  1924 ). The pedigree was converged at two 
extremes, 2n = 28 with 14” and 2n = 42 with 21”, one exception being the stable 
2n = 40 (20”) progenies called D-dwarfs. This convergence of the pedigrees to 
2n = 28 or 2n = 42 plants demonstrated importance of the genome completeness for 
the continuation of life even in the hexaploid wheat.
 Genome Analysis and a Re-evaluation on Genome Homology 
 Determination of the genome homology is based on the meiotic chromosome pair-
ing between two genomes in comparison. Kihara ( 1930 ) illustrated the schemes for 
genome analysis of an auto- and allotetraploid. Before their application, we need to 
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called genome analyzers. When the tetraploid is an autotetraploid with A genome, 
its hybrid with the A genome analyzer forms  x ”’, whereas the F 1 ’s with other ana-
lyzers form  x ” +  x ’, from which results genome constitution of the tetraploid is 
determined as AAAA. If the tetraploid is an allotetraploid with AABB genomes, its 
F 1 hybirds with the A and B genome analyzers form  x ” +  x ’, whereas the F 1 ’s with 
other analyzers form 3 x ’, thus genome constitution of the tetraploid is confi rmed to 
be AABB. Kihara and his collaborators determined the genome constitutions of all 
 Triticum and  Aegilops species (Kihara  1924 ,  1945 ; Kihara and Tanaka  1970 ; 
Lilienfeld  1951 ). 
 After Kihara’s genome analytical works, several genetic factors became known 
to infl uence the meiotic chromosome pairing: They are a suppressor,  Ph1 , of the 
homoeologous chromosome pairing, an enhancer of the homoeologous pairing in 
 Ae. speltoides and a suppressor of the homoeologous pairing in B-chromosomes. To 
distinguish between the homologous and homoeologous pairing, using 
B-chromosomes of  Ae. mutica, Ohta ( 1995 ) produced hybrids between eight diploid 
species and an  Ae. mutica strain having the B-chromosomes, selecting hybrids with 
zero, one or two B-chromosomes. The presence of two B-chromosomes did not 
affect the number of bivalents in  Ae. mutica itself. The T genome of  Ae. mutica was 
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 Fig. 1.1  Male and female transmission rates of the D-genome univalents in the crosses between 
( T. polonicum x  T. spelta ) F 1 and  T. polonicum . ( a ) 5 x F 1 hybrid x  T. polonicum (Kihara and 
Wakakuwa  1935 ; Matsumura  1940 ), ( b )  T. polonicum x 5 x F 1 hybrid (Matsumura  1936 ) 
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7highly homologous to S genome of  Ae. speltoides and D genome of  Ae. squarrosa , 
forming fi ve bivalents in the presence of two B’s, whereas it was non-homologous 
to A, C, M, S b and S l genomes of the respective species, forming no or one bivalent 
with two B’s. This type of research should be extended to polyploid species for re- 
evaluation of their genome relationships to the diploid species. 
 Plasmon Analysis as the Counter Part of Genome Analysis 
 Later, Kihara’s interest shifted to the genome-plasmon interaction. He produced an 
alloplasmic line of a common wheat,  T. aestivum var.  erythrospermum (abbrev. 
‘Tve’) by repeated backcrosses of the F 1 hybrid,  Ae. caudata var.  polyathera x Tve, 
with Tve as the recurrent pollen parent. This alloplasmic line, designated by 
( caudata )-Tve, expressed male sterility in its SB 3 and later backcross generations, 
leading Kihara to discover the cytoplasmic male sterility in wheat (Kihara  1959 ). 
 The pioneering works of Kihara and others suggested the presence of plasmon 
diversity in the  Triticum - Aegilops complex. There were three research groups 
actively working on the plasmon diversity in wheat and its related genera: Maan and 
Lucken in the North Dakota State Univ., USA, Panayotov and Gotsov in the Wheat 
and Sunfl ower Institute, Bulgaria, and Suemoto and Tsunewaki in Kyoto University, 
Japan. In an international cooperative work, we compared plasmons that were inde-
pendently introduced by these groups into their own wheat stocks (Mukai et al. 
 1978 ). This work showed the wide scope of plasmon diversity in this complex. I 
obtained 7 plasmons from Maan, 8 plasmons from Panayotov and 15 plasmons 
from other researchers to enrich our plasmon collection, totaling 46 plasmons, 
including 16 of our own. 
 In 1963, I initiated a program to produce alloplasmic lines using a set of 12 com-
mon wheat genotypes as the alloplasmon recipients, whose list and reasons of selec-
tion are given elsewhere (Tsunewaki et al.  1996 ). The aim was 10 backcross 
generations of each alloplasmic line to recover the tester’s genotype in 99.9 % 
purity. The total number of the alloplasmic lines in all combinations between the 12 
wheat genotypes and 46 plasmons amounts to 552 NC hybrids, all of which reached 
SB 10 or later backcross generation by 1997. A fi eld test of all alloplasmic and 12 
euplasmic lines was carried out in the crop season of 1992–1993. By that time, 87 
% of the alloplasmics reached at the SB 10 or later backcross generation. With all 
lines, 14 vegetative and 8 reproductive characters were observed. The genetic rela-
tionships between the 47 plasmons were analyzed (Tsunewaki et al.  2002 ). With the 
same plasmons, RFLP analyses of ct and mtDNAs were carried with 13 and 3 
restriction enzymes, respectively (Ogihara and Tsunewaki  1988 ; Wang et al.  2000 ). 
Phylogenetic trees depicted from the data on the organellar DNA polymorphisms 
revealed molecular differentiation between the plasmons in  Triticum-Aegilops com-
plex. Combining the phenotypic effects on wheat characters and organellar DNA 
differences revealed by the RFLP analyses, 47 plasmons of this complex were clas-
sifi ed into 18 major types and fi ve subtypes (Tsunewaki et al.  2002 ). The genome 
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 Triticum and  Aegilops species (Fig.  1.2 ; Tsunewaki  2009 ).
 Persistence of Genetic Effects of  Ae. caudata Plasmon 
on Wheat Phenotypes 
 Kihara crossed in 1949  Ae. caudata as female to a common wheat, Tve, and the F 1 
hybrid and its progenies were successively backcrossed with the pollen of Tve until 
SB 16 (Kihara  1959 ; unpubl.). I continued the backcrosses with the same pollen par-
ent, up to the SB 60 generation in 2013. Meiotic pairing was normal, forming 21 
bivalents, in an SB 56 plant. 
 Selfed and backcrossed seed fertilities of the ( caudata )-Tve were observed in the 
entire backcross program. The backcrossed seed fertility (%) was highly variable, 
with the mean and S. E. of 68.10 ± 16.43. The linear regression to the backcrossed 
generation calculated using the records of the SB 3 to SB 60 generations to grasp the 
tendency of improvement or depression of the backcrossed seed fertility, Y, with 
progression of the backcross generations, X, turned out to be Y = 0.181X + 62.3 (%). 
 Fig. 1.2  Phylogenetic relationships between the diploid, tetraploid and hexaploid species based 
on their genome-plasmon constitutions (After Tsunewaki  2009 ).  Inner and  outer circle : genome 
and plasmon symbol, respectively. Modifi ed genome:  underlined 
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9The regression coeffi cient of 0.181 was non-signifi cant at the 5 % level of probabil-
ity, meaning the female fertility of ( caudata )-Tve did not change consistently dur-
ing 60 years of backcrossing. On the contrary, the selfed seed fertility was completely 
zero in most backcrossed generations. These results indicated that the  caudata plas-
mon induced complete male sterility in Tve wheat, which did not show any sign of 
recovery by repeated backcrossing with the wheat pollen for 60 generations, prov-
ing persistence of the plasmon effect on male sterility induction. 
 Another prominent effect of the  caudata plasmon on the wheat phenotype was 
production of germless grains, which was fi rst noticed in the SB 15 generation of 
( caudata )-Tve. Since then, occurrence of germless grains in ( caudata )-Tve was 
examined in each backcross generation. Its frequency in every ten SB generations 
was 15.3 % (SB 15 -SB 20 ), 14.7 % (-SB 30 ), 28.5 % (-SB 40 ), 14.2 % (-SB 50 ) and 5.2 % 
(-SB 60 ). Overall frequency of the germless grains was 11.8 % in ( caudata )-Tve, as 
compared to 0.022 % in normal Tve, indicating more than 500 times increase in its 
frequency by the  caudata plasmon. Genetic effect of the  caudata plasmon to pro-
duce germless grains in Tve continued, at least, for 46 generations, from SB 15 to 
SB 60 . These results demonstrated that the genetic effects of the  caudata plasmon on 
male sterility induction and germless grain production to ‘Tve’ persistently 
expressed during 60 generations of backcrossing with the Tve pollen. 
 Reconstitution of  Ae. caudata from Its Genome and Plasmon 
Separated for Half a Century and Paternal mtDNA 
Transmission in Wheat 
 Ae. caudata (genome, CC) was reconstructed from the genome of its native strain 
and the plasmon originated from it and coexisted with the genomes of Tve wheat 
(AABBDD) for 50 generations of repeated backcrosses (details of the procedure 
and the results will be published elsewhere). The reconstructed  caudata plants 
resembled those of the  caudata accession that provided the plasmon to ( caudata )-
Tve SB 50 in general morphology and showed normal vigor and fertility. We ana-
lyzed 8 chloroplast and 5 mitochondrial simple sequence repeat (abbrev. SSR) loci 
out of 45 loci reported in wheat (Ishii et al.  2001 ,  2006 ) (Yotsumoto et al. unpubl.). 
The tentative results indicated that the reconstructed  caudata had the same band 
patterns in most SSR loci, as those of the original  caudata accession and ( caudata )-
Tve SB 50 . These results suggested that the  caudata plasmon remained unchanged 
during coexistence with the wheat genomes for 50 generations. 
 Following the report of Laser et al. ( 1997 ) with triticale, Tsukamoto et al. ( 2000 ), 
Hattori et al. ( 2002 ), Kitagawa et al. ( 2002 ) and Kawaura et al. ( 2011 ) obtained 
evidence on the paternal transmission of mtDNA in alloplasmic wheats, which 
included coding regions of, at least, ten mitochondrial genes. Laser et al. ( 1997 ) and 
Kawaura et al. ( 2011 ) showed that the paternally transmitted mtDNAs were rarely 
transcribed in the heteroplasmic plants. This is compatible with the persistence of 
phenotypic effects of the  caudata plasmon during the repeated backcrosses with 
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wheat pollen. The constancy of mitochondrial SSR loci in the alloplasmon during 
the repeated backcrosses proved here, however, is hardly compatible with the pater-
nal transmission of mtDNAs, because the majority of mtDNA molecules of an allo-
plasmic line at an advanced backcross generation is assumed to be the paternal 
(wheat) molecules, but this is not the case. Further studies are needed to clarify the 
cause of this discrepancy. 
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